ABSTRACT A trial was conducted to study the effects of type and particle size of dietary fiber on growth performance and digestive traits of broilers from 1 to 21 d of age. There was a negative control diet with 1.54% crude fiber, a positive control diet that included 3% cellulose (CEL), and 4 additional diets arranged factorially that included 3% oat hulls (OH) or sugar beet pulp (SBP) ground through a 0.5-or a 2.0-mm screen. For the entire experimental period, fiber inclusion improved BW gain (P ≤ 0.01) and feed conversion ratio (P ≤ 0.001), but particle size of the fiber source did not affect performance. The relative weight of the gizzard was higher (P ≤ 0.001) with OH and SBP than with CEL or the control diet. Also, gizzard weight decreased (P ≤ 0.001) with a reduction in particle size of the fiber source. Fiber inclusion increased HCl concentration and reduced gizzard pH (P ≤ 0.01), and the effects were more noticeable with OH and SBP than with CEL. Fiber inclusion increased total tract apparent retention of nitrogen (P ≤ 0.001) and soluble ash (P ≤ 0.001) as well as the AME n of the diet (P ≤ 0.001). All of these effects were in general more pronounced with OH than with CEL, with SBP being intermediate. A reduction in particle size of the OH and SBP improved total tract apparent retention of DM (P ≤ 0.001), nitrogen (P ≤ 0.05), and soluble ash (P ≤ 0.01) as well as the AME n of the diet (P ≤ 0.05). It is concluded that additional OH and SBP improves gizzard weight and growth performance in young chicks fed low-fiber diets and that the effects are more pronounced with OH than with CEL. Particle size of OH and SBP does not affect broiler performance, but coarse grinding increases gizzard development and reduces nutrient digestibility in young birds.
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INTRODUCTION
Performance of broilers at slaughter is positively correlated with feed intake during the first days of life (Nir and Levanon, 1993; Noy and Sklan, 1999) . The gastrointestinal tract (GIT) of chicks at hatch is not well adapted to the digestion and absorption of many feed components (Sell, 1996; Uni et al., 1999) and therefore, the inclusion of highly digestible ingredients might benefit feed intake, nutrient digestibility, and growth performance early in life (Longo et al., 2007) . However, highly digestible diets are usually low in fiber, which reduces gizzard development and impairs the mixing of digesta with endogenous enzymes, compromising nutrient utilization (Rogel et al., 1987; Jiménez-Moreno et al., 2009b) .
Dietary fiber is considered as a diluent in poultry diets. However, fiber might increase the retention time of the digesta in the upper part of the digestive tract, improving gizzard function (Rogel et al., 1987; Hetland et al., 2005) and stimulating the production of HCl in the proventriculus via mechanoreceptors (Duke, 1986) . A low pH in the upper part of the GIT favors pepsin activity and facilitates the solubility and absorption of mineral salts (Guinotte et al., 1995) . Consequently, the inclusion of fiber in the diet might benefit nutrient digestibility and growth performance in broilers (Mateos et al., 2002) .
The structure and chemical composition of the ingredients of the diet affect the physicochemical properties of the digesta (Lentle and Janssen, 2008) and microflora growth in the GIT (Branton et al., 1997; Dahiya et al., 2006; Shakouri et al., 2006) . Therefore, type of dietary fiber might affect in different manners the development and health status of the GIT and the utilization of nutrients in broilers. For example, insoluble fiber sources, such as oat hulls (OH), stimulate gizzard activity and reduce gizzard pH (González-Alvarado et al., 2008) . In contrast, soluble fiber sources, especially those rich in pectins such as sugar beet pulp (SBP), increase intestinal viscosity and the bulk of the digesta, distending the walls of the GIT and slowing down feed passage.
Grinding of dietary ingredients affects the physical properties of the digesta and therefore GIT development and nutrient utilization (Amerah et al., 2007) . Coarse particles are retained longer in the gizzard than fine particles and consequently, coarsely ground fiber sources might enhance the motility of the GIT and increase the refluxes of the digesta from the duodenum to the gizzard, improving nutrient digestibility (Rogel et al., 1987) . In contrast, finely ground fiber might impair gizzard function, reducing nutrient digestibility and broiler performance. We hypothesize that the beneficial effects of fiber on digestive traits and growth performance of broilers observed by several authors vary with the physical structure and particle size distribution of the fiber considered. The aim of this study was to evaluate the effect of inclusion of 3% microcrystalline cellulose (CEL), OH, or SBP and the particle size of OH and SBP on the development of the GIT, nutrient retention, and growth performance of broilers from 1 to 21 d of age.
MATERIALS AND METHODS

Fiber Sources and Diets
A batch of OH, a by-product of the oat industry for human consumption, was obtained from Biessa (Burgos, Spain) and a batch of SBP, a by-product of the sugar industry, was obtained from Azucarera Olmedo (Valladolid, Spain). The 2 fiber sources were ground using a hammer mill (model 15303, Fritsch GmbH, Rudolstadt, Germany) fitted with a 0.5-or 2-mm screen according to treatment. The geometric mean diameter (GMD) was 386 and 462 μm for the fine and coarse OH and 154 and 696 μm for the fine and coarse SBP, respectively. The microcrystalline CEL was obtained from a commercial supplier (Vivapur 101, Söhne, Weissenborn, Germany) and was not ground further (GMD of 73 μm). The control diet was based on broken rice (Oryza sativa L., Japonica variety; 75% Senia and 25% Tainato cultivars) and contained 3% sepiolite (a complex magnesium silicate clay with a GMD of 352 μm) and had a crude fiber content of 1.54%. The other diets substituted (wt/wt) the sepiolite of the control diet by CEL or by OH or SBP ground through a 0.5-or 2.0-mm screen. The diets were formulated according to the nutrient composition of ingredients of Fundación Española Desarrollo Nutrición Animal (2003) and met or exceeded the nutritional recommendations of Fundación Española Desarrollo Nutrición Animal (2008) for broilers (Table 1) . Celite, an acid-washed diatomaceous earth (Celite Hispánica S.A., Alicante, Spain), was added at 2% to all diets as an additional acidinsoluble ash source. All diets were fed in mash form.
Broiler Husbandry and Experimental Design
All procedures used in this research were approved by the Animal Ethics Committee of the Universidad Politécnica de Madrid and were in compliance with the Spanish guidelines for the care and use of animals in research (Boletín Oficial del Estado, 2005) .
A total of 420 one-day-old Cobb 500 females with an initial BW of 40.0 ± 3.12 g were obtained from a commercial hatchery (Cobb Española, Alcalá de Henares, Spain); allocated in a windowless, environmentally controlled room; and randomly placed in groups of 14 in 30 battery cages (1 × 0.9 m; Avícola Grau, Madrid, Spain). Chicks were divided into 5 blocks by weight and diets were randomly assigned to cages within each block. The cages were equipped with wire flooring and had 2 drinker cups and an open trough feeder. Room temperature was kept at 33°C during the first 3 d of life and then it was reduced gradually according to age until reaching 24°C at 21 d. Chicks received a 23 h/d light program and had free access to feed and water throughout the trial. The trial was conducted as a completely randomized block design with 6 dietary treatments: a control diet without any additional source of fiber, a diet in which the 3% sepiolite of the control diet was substituted (wt/wt) by CEL, and 4 additional diets arranged factorially, in which 3% of OH or SBP ground through a 0.5-or a 2.0-mm screen substituted the sepiolite of the control diet. Each treatment was replicated 5 times and the experimental unit was a cage with 14 chicks. 1 Sepiolite (a complex magnesium silicate clay) was substituted (wt/ wt) by oat hulls and sugar beet pulp ground in either a 0.5-or 2.0-mm screen or microcrystalline cellulose in the corresponding experimental diets.
2 Acid-washed diatomaceous earth (Celite Hispánica S.A., Alicante, Spain).
3 Provided the following (per kg of diet): vitamin A (trans-retinyl acetate), 10,000 IU; vitamin D 3 (cholecalciferol), 2,000 IU; vitamin E (all-rac-α-tocopherol acetate), 20 IU; vitamin K (bisulfate menadione complex), 3 mg; riboflavin, 5 mg; pantothenic acid (d-calcium pantothenate), 10 mg; nicotinic acid, 30 mg; pyridoxine (pyridoxine·HCl), 3 mg; thiamin (thiamin mononitrate), 1 mg; vitamin B 12 (cyanocobalamin), 12 μg; d-biotin, 0.15 mg; choline (choline chloride), 300 mg; folic acid, 0.5 mg; Se (Na 2 SeO 3 ), 0.1 mg; I (KI), 2.0 mg; Cu (CuSO 4 ·5H 2 O), 10 mg; Fe (FeSO 4 ·7H 2 O), 30 mg; Zn (ZnO), 100 mg; Mn (MnSO 4 ·H 2 O), 100 mg; and ethoxyquin, 110 mg.
Analytical Evaluation of Ingredients, Feeds, and Excreta
Ingredients, feeds, and excreta were analyzed for total ash using a muffle furnace (method 942.05) and for nitrogen by the Dumas method (method 968.06) using a Leco analyzer (model FP-528, Leco Corporation, St. Joseph, MI) as described by AOAC International (2000) . Moisture was determined by oven-drying (method 6) and ether extract (EE) by Soxhlet fat analysis after 3 N HCl acid hydrolysis (method 4.b) as described by Boletín Oficial del Estado (1995). Gross energy was measured using an isoperibol bomb calorimeter (model 1356, Parr Instrument Company, Moline, IL). The acid-insoluble ash content was determined as indicated by González-Alvarado et al. (2007) . Briefly, feed and excreta were analyzed sequentially for DM, ash, and acid-insoluble ash using the same beaker, and ashing was performed at 600°C for 12 h. Neutral and acid detergent fiber were determined sequentially as described by Van Soest et al. (1991) and expressed on an ash-free basis. Starch content of ingredients and feeds was measured enzymatically using α-amylase glucosidase (method 996.11, AOAC International, 2000) .
Particle size distribution and GMD of the fiber sources and experimental diets were determined according to the methodology described by the American Society of Agricultural Engineers (1995) . The water-holding capacity of the sepiolite, fiber sources, and experimental diets and the swelling water capacity of the sepiolite and fiber sources were measured as indicated by González-Alvarado et al. (2008) and Jiménez-Moreno et al. (2009a) , respectively. The capacity to adsorb lipids of the sepiolite and fiber sources was determined according to standard procedures recommended by the pharmaceutical industry (Valencia and Roman, 2006) and the initial pH and the base and acid buffering capacity of sepiolite, fiber sources, and diets as indicated by Giger-Reverdin et al. (2002) . Base-buffering capacity was calculated as the amount of microequivalents of NaOH required to increase the pH of 0.5 g of DM sample suspended in 50 mL of distilled water from the initial pH to pH 7 divided by pH change. Similarly, acid-buffering capacity was calculated as the amount of microequivalents of HCl required to reduce the pH of 0.5 g of DM sample suspended in 50 mL of distilled water from pH 7 to pH 4 divided by pH change. All of the analyses were conducted in triplicate.
Growth Performance
Body weight and feed consumption of chicks were determined by cage at 4, 9, 15, and 21 d of age, and BW gain (BWG), ADFI, and feed conversion ratio (FCR) were determined from these data by period and cumulatively. Feed wastage was recorded daily and the data were used in the calculations of feed consumption.
Birds that died during the experiment were weighed, and the data were used in the calculations of FCR.
Digestive Traits
At 4, 9, and 21 d of age, 2 chicks per cage were randomly selected, weighed individually, and killed by asphyxiation with CO 2 . The digestive tract with contents (from the end of the crop to the anus) was removed aseptically, and the proventriculus, gizzard, liver, and ceca were excised, cleaned, dried with desiccant paper, and weighed. Before digesta emptying, the pH of the proventriculus and gizzard was measured in duplicate samples using a digital pH meter (model 507, Crison Instruments S.A., Barcelona, Spain). The average value obtained from the 2 birds of each cage at each age was used for statistical analyses. The weights of the empty organs were expressed relative to live BW (%), whereas the weights of the fresh digesta were expressed relative to full organ weight (%). In addition, samples of gizzard digesta were collected individually from all the birds slaughtered at 9 d of age, homogenized in a 50-mL beaker, and suspended in a mixture of 20 mL of distilled water and 25 mL of a color indicator that contained methyl red and green bromocresol (Indicador Mixto 5, Panreac Química S.A., Barcelona, Spain). The mixture was stirred overnight and titrated by adding NaOH (0.01 N) until color change. The HCl concentration (mEq/g of DM) of the digesta was calculated from the volume of NaOH (0.01 N) added.
Total Tract Apparent Retention of Nutrients
At 4, 9, and 21 d of age, representative samples of the excreta produced during the previous 48 h were collected daily by replicate, mixed, homogenized, dried in an oven (60°C for 72 h), and ground with a hammer mill (model Z-I, Retsch, Stuttgart, Germany) fitted with a 1-mm screen. The total tract apparent retention (TTAR) of DM, organic matter, soluble ash, EE, and nitrogen and the AME n of the diets were estimated by the indigestible marker method using 2 N HCl insoluble ash as an indicator (Lázaro et al., 2003) .
Statistical Analysis
All data were analyzed as a completely randomized block design using the GLM procedure of SAS (SAS Institute, 1990) . Preplanned orthogonal comparisons were used to determine 1) the effects of inclusion of fiber (control vs. fiber-containing diets), 2) the effects of type of fiber (CEL vs. OH-and SBP-containing diets), and 3) the main effects of fiber source (OH vs. SBP) and particle size of the OH and SBP (0.5-vs. 2.0-mm screen), as well as the interaction between source of fiber and particle size. In addition, age was included in the model as a third factor for nutrient retention and digestive organ size data. Data on digestive traits measured at different ages (relative weight of the organs and fresh digesta, pH, and DM content of the gizzard digesta) and TTAR of nutrients were analyzed as repeated measures using the MIXED procedure of SAS (Littell et al., 1996) . In addition, a nonorthogonal contrast was also made to compare the control and the CEL-containing diet. To reduce type I error, Bonferroni's test was used for this comparison. Results in tables are reported as least squares means. The experimental unit was the cage for all traits and differences among treatments were considered significant at P ≤ 0.05.
RESULTS
The chemical composition and physical properties of sepiolite, fiber sources, and diets were close to expected values (Table 2 and 3, respectively). The GMD of the diets were higher for the OH and SBP diets than for the CEL and control diets. As expected, fine grinding of the fiber sources reduced the GMD of the diets. Waterholding capacity and swelling water capacity were highest for the SBP diet and lowest for the CEL and the control diets. The capacity to adsorb lipids was higher for the CEL and OH than for SBP or sepiolite, whereas the base-and acid-buffering capacities were highest for finely ground OH and SBP and lowest for CEL, with coarsely ground OH and SBP being intermediate.
Growth Performance
Mortality was low (3.8%) and not related to treatment (data not shown). Most of the mortality (>75%) occurred during the first week of life.
The effects of fiber inclusion on broiler performance varied with type of fiber and the time period considered, but in general, they were more pronounced with OH than with SBP or CEL inclusion. Fiber inclusion improved (P ≤ 0.001) BWG from 1 to 9 d of age (data not shown), but the beneficial effects were less evident after this age (Table 4) . Similarly, from 1 to 15 d of age, FCR improved (P ≤ 0.001) with fiber inclusion (data not shown), but no effects were observed from 15 to 21 d. From 1 to 21 d of age, BWG was higher (P ≤ 0.01) and FCR was better (P ≤ 0.001) when additional fiber was included in the diet. In addition, BWG was higher (P ≤ 0.01) for broilers fed OH than for broilers fed SBP, with those fed CEL being intermediate. Also, broilers fed SBP had lower (P ≤ 0.05) ADFI than broilers fed OH, and broilers fed OH had better FCR (P ≤ 0.01) than broilers fed control, with those fed SBP and CEL being intermediate. Particle size of the OH and SBP did not affect growth performance in any of the periods studied (1.286 and 1.308 for fine OH and SBP vs. 1.288 and 1.300 for coarse OH and SBP, respectively, from 1 to 21 d of age; P > 0.1). Table 2 . Chemical composition (%, as-fed basis, unless otherwise indicated), geometric mean diameter [GMD ± geometric SD (GSD), μm], water-holding capacity (WHC, mL/g of DM), swelling water capacity (SWC, mL/g of DM), lipid adsorption capacity (LAC, g of oil/g of DM), and buffer properties of the sepiolite and the fiber sources 1 118 ± 10.0 7 ± 1.6 83 ± 5.5 74 ± 3.9 109 ± 7.9 67 ± 4.3
1 Analyzed in triplicate samples. 2 Fiber source ground through a 0.5-mm screen. 3 Fiber source ground through a 2.0-mm screen. 4 Log normal SD. 5 Determined using 0.5 g of DM suspended in 50 mL of distilled water. 6 Base-buffering capacity. Calculated as the amount of microequivalents of NaOH required to increase the pH of 0.5 g of DM sample suspended in 50 mL of distilled water from the initial pH to pH 7 divided by pH change.
7 Acid-buffering capacity. Calculated as the amount of microequivalents of HCl required to reduce the pH of 0.5 g of DM sample suspended in 50 mL of distilled water from pH 7 to pH 4 divided by pH change.
Digestive Traits
Effect of Age. The relative weight of the digestive tract, liver, and of all segments of the GIT except the ceca decreased (P ≤ 0.001) with age (Tables 5 and 6 ). The relative weight of the ceca increased from 4 to 9 d of age (P ≤ 0.001) and then decreased. Fresh digesta content of the gizzard also decreased (P ≤ 0.05) with age, whereas the opposite effect (P ≤ 0.001) was observed for ceca content (Table 7 ). The pH of the proventriculus (P ≤ 0.05) and gizzard (P ≤ 0.001) decreased from 4 to 9 d of age and then remained constant to 21 d for the proventriculus but increased for the gizzard (Table 8) .
Effect of Diet. Diet affected the relative weight of the digestive tract, liver, and segments of the GIT in different manners depending on type and particle size of the fiber. The relative weights of all of the segments of the GIT were similar for the control and the CEL-fed birds (Table 5 and 6). Also, the relative weight of the digestive tract was higher (P ≤ 0.001) in birds fed OH and SBP than in birds fed the CEL-containing diets (Table 5) . Moreover, the digestive tract was heavier (P ≤ 0.05) with SBP than with OH inclusion, but the opposite effect (P ≤ 0.05) was observed for the liver (Table 5 ). Fine grinding of OH and SBP reduced (P ≤ 0.01) the relative weight of the digestive tract (Table  5 ). An interaction between diet and age was observed for the relative weight of the digestive tract (P ≤ 0.05); the differences in digestive tract size were lower for birds fed OH than for those fed the remaining diets and were more evident from 4 to 9 d than from 9 to 21 d of age. The relative weights of the proventriculus (P ≤ 0.001), gizzard (P ≤ 0.001), and ceca (P = 0.058) were higher in birds fed OH and SBP than in birds fed the CEL-containing diets (Table 6 ). Moreover, the relative weight of the proventriculus (P ≤ 0.05) and ceca (P ≤ 0.05) were heavier with SBP than with OH inclusion, but the opposite effect was observed for the gizzard (P ≤ 0.001). Fine grinding of OH and SBP reduced the gizzard weight (P ≤ 0.001; Table 6 ) and increased that of the ceca (P ≤ 0.05; Table 6 ). Some interactions between diet and age were observed for the relative weight of the proventriculus (P ≤ 0.05) and gizzard (P ≤ 0.01); the differences in the relative weight were lower in birds fed OH than in birds fed the remaining diets and were more evident from 4 to 9 d than from 9 to 21 d of age. Fresh digesta of the gizzard increased (P ≤ 0.001) with fiber inclusion and the effect was more pronounced (P ≤ 0.001) for OH and SBP than for CEL Means within a column not sharing a common superscript are different (P ≤ 0.05).
1
Fiber source ground through a 0.5-mm screen.
2
Fiber source ground through a 2.0-mm screen.
3 Body weight gain (g/d).
4
Average daily feed intake (g).
5
Feed conversion ratio.
6
Microcrystalline cellulose.
7
Oat hulls.
8 Sugar beet pulp.
9 n = 5 (14 birds per replicate).
10
The contrast (fine vs. coarse) and the interaction between (OH vs. SBP) and (fine vs. coarse) were not significant. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Means within a column not sharing a common superscript are different (P ≤ 0.05).
A-C Means within a row not sharing a common superscript are different (P ≤ 0.05).
1
2
3
Body weight without the digestive tract and its contents.
4
From end of the crop to the cloaca with contents.
5 n = 30 (6 treatments with 5 replicates of 2 chicks each).
6
7
8 Sugar beet pulp. 9 n = 5 for the mean within each day and n = 15 for the average value at 4, 9, and 21 d.
10
Average of the fine and coarse OH-and SBP-containing diets, respectively.
*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Table 6 . Influence of particle size (fine 1 and coarse 2 ) and type of fiber (fiber) and age on the relative weight (% of BW) of the proventriculus, gizzard, and ceca of broilers Sugar beet pulp.
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The interaction between OH versus SBP and fine versus coarse was not significant.
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*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001.
( Table 7 ). An interaction between particle size and type of fiber was observed for the digesta content of the gizzard (P ≤ 0.001); coarse grinding of the SBP increased gizzard contents, but no effects were observed for OH. Also, an interaction between diet and age was observed (P ≤ 0.01); the relative weight of the fresh contents of the gizzard decreased with age for all diets except for that based on coarse SBP (Table 7) . Gizzard digesta pH was lower (P ≤ 0.01) for the OH and SBP diets than for the control diet, with that of the CEL diet being intermediate (Table 8) . Also, DM content of the gizzard was lower (P ≤ 0.001) for the coarsely than for the finely ground SBP, but no effects of grinding were observed for OH (Table 8) . Fiber inclusion increased (P ≤ 0.01) HCl concentration in the gizzard digesta at 9 d of age and the effects were more pronounced for SBP than for OH or CEL (Table 8) . Also, HCl concentration was higher (P ≤ 0.05) for coarse SBP than for fine SBP, but no differences were observed for OH.
TTAR of Nutrients
Effect of Age. The TTAR of DM and OM and the AME n of the diet increased (P ≤ 0.001) with age (Tables 9 and 10). The TTAR of soluble ash increased from 4 to 9 d and then decreased (P ≤ 0.001), whereas that of EE was not affected.
Effect of Diet. The inclusion of CEL increased nitrogen (P = 0.085), OM (P ≤ 0.01), soluble ash (P ≤ 0.001), and EE (P ≤ 0.001) retention with respect to the control diet (Tables 9 and 10 ). In general, the increases in TTAR of the nutrients as well as the AME n of the diet observed with fiber inclusion were more pronounced with OH than with SBP (P ≤ 0.001 for DM, OM, nitrogen, soluble ash, and AME n and P ≤ 0.05 for EE). Fine grinding of OH and SBP improved the TTAR of DM (P ≤ 0.001), OM (P ≤ 0.01), nitrogen (P ≤ 0.05), and soluble ash (P ≤ 0.01) as well as the AME n (P ≤ 0.05) of the diet. Also, an interaction between particle size and fiber source was detected; the improvement in soluble ash (P ≤ 0.05) observed with fine grinding was more pronounced for the OH-than for the SBP-containing diets. No interactions between diet and age were observed for all TTAR of any nutrient.
DISCUSSION
Growth Performance
In general, the inclusion of fiber improved BWG and FCR from 1 to 21 d of age, suggesting that young broilers require a minimal amount of fiber in the diet when the objective is to maximize growth performance. These findings are consistent with data reported by González-Alvarado et al. (2007) and Jiménez-Moreno et al. (2009a) using different fiber sources in similar types of diets. In the current trial, CEL inclusion improved BWG and ADFI from 1 to 15 d of age but not thereafter, consistent with results of Shakouri et al. (2006) in broilers from 1 to 14 d of age. Also, Amerah et al. (2009) observed a 10% increase in AME n intake in 21-d-old broilers fed a diet diluted with 6% CEL with respect to those fed the control diet. Hetland and Svihus (2001) reported that birds were able to maintain adequate BWG when fed diets containing high levels of insoluble fiber (10% OH), probably because fiber increases the rate of passage of the digesta through the digestive system as well as the physical capacity of the GIT. On the other hand, SBP inclusion reduced ADFI as compared with OH inclusion, an observation that is consistent with data of Razdan and Pettersson (1994) in broilers and Anguita et al. (2007) in pigs. Sugar beet pulp has a higher pectin content than OH and therefore SBP retains a higher amount of water and generates a bulkier digesta than OH (Bach Knudsen, 2001) . As a result, SBP causes a dilation of GIT and reduces feed intake of birds (Serena et al., 2007) .
Particle size of the fiber source did not affect broiler performance in any of the periods studied. Ricke et al. (1982) did not find any difference in performance of broilers fed diets containing 8% alfalfa with a particle size of less than 300 μm or more than 600 μm. In contrast, Hetland and Svihus (2001) observed that from 8 to 17 d of age, FCR was impaired in broilers fed diets containing 10% coarsely ground OH as compared with birds fed 10% finely ground OH (54.7 vs. 0.6% of particles with a GMD of more than 600 μm). However, BWG and ADFI were not affected by feed particle size in this research. The reasons for the discrepancy among authors on the response of feed efficiency of broilers to changes in the GMD of the diet are unknown, but in the current trial, only 3% OH were used, whereas 10% OH were included in the research of Hetland and Svihus (2001) . In addition, the difference in GMD between the coarsely and the finely ground fiber was smaller in the current trial than in that of Hetland and Svihus (2001) .
Digestive Traits
In general, the relative weight of the different segments of the GIT decreased with age in agreement with data reported by Ravindran et al. (2006) and by Gracia et al. (2009) . The inclusion of additional fiber in the diet affected the development of the GIT in different manners depending on the physicochemical properties of the source of fiber used. For example, CEL inclusion resulted in similar relative size and digesta content of the gizzard than those of the control diet. Cellulose is a highly insoluble fiber source with a very a low particle size, water-holding capacity, and swelling water capacity. Because of its lack of physical structure, CEL particles did not accumulate and stimulate gizzard functioning. Consequently, CEL inclusion is not expected to produce any increase in size of digestive organs or to reduce gizzard pH in agreement with results reported by Hetland and Svihus (2007) in 35-wk-old laying hens. Table 9 . Influence of particle size (fine 1 and coarse 2 ) and type of fiber (fiber) and age on the total tract apparent retention of DM, organic matter, and nitrogen (%) of broilers Means within a column not sharing a common superscript are different (P ≤ 0.05).
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The interaction between diet and age was not significant.
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*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. Sugar beet pulp.
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In contrast, the inclusion of SBP increased the bulk of the digesta, causing physical distension of the walls of the digestive tract and a concomitant increase in size (Håkansson et al., 1978) . In addition, SBP particles retain more water and swell more than particles from the other diets. Consequently, the GMD of the digesta will increase and the digesta will be retained for longer in the gizzard of birds fed SBP, resulting in heavier organs and in an increase in HCl concentration (Jiménez-Moreno et al., 2009a) . Consequently, pH will be lower in birds fed SBP than in birds fed the CEL or the control diet. On the other hand, because of its high lignin content and resistance to grinding, OH inclusion stimulates the grinding activity of the gizzard, allowing for a better development of the muscular layers and producing an increase in organ size (Rogel et al., 1987; González-Alvarado et al., 2008) . The concentration of HCl in the gizzard was higher for birds fed coarse SBP than for birds fed fine SBP, but no differences were observed for OH. Coarse particles had a higher water-holding capacity and are retained for longer in the gizzard than fine particles. Consequently, coarse SBP particles will swell more and will be retained for longer in this organ, resulting in an increase in HCl secretion (Duke, 1986) . In the current trial, the GMD of the OH and SBP were higher when ground through a 2-mm screen than when ground through a 0.5-mm screen, but grinding reduced more of the GMD of the SBP than of the OH (a 78% reduction for SBP but only of 16% for OH). When these 2 fiber sources were finely ground, the SBP lost its physical structure, whereas the OH maintained it, as indicated by the similar percentage of particles with a GMD higher than 630 μm for finely and coarsely ground OH. Consequently, the grinding of OH did not affect the amount of digesta retained in the gizzard or its pH, whereas the grinding of SBP will result in a loss of mechanical abrasion of the gizzard walls. All of these observations suggest that the greater resistance of OH particles to grinding favors more gizzard enlargement and GIT motility than the higher water-holding capacity and swelling water capacity of the SBP particles.
TTAR of Nutrients
In general, the TTAR of nutrients and the AME n of the diet increased with fiber inclusion, results that agree with data of Svihus and Hetland (2001) and Jiménez-Moreno et al. (2009c) . The increase in soluble ash retention with fiber inclusion was consistent with the greater HCl concentration and lower pH observed in the gizzard digesta of birds fed these diets. With the exception of EE, the beneficial effects of fiber inclusion on nutrient retention were more evident with OH than with SBP or CEL. Sugar beet pulp has a higher gelling capacity than OH and CEL and consequently, SBP inclusion should result in higher digesta viscosity (Sandhu et al., 1987) . A higher viscosity of the digesta might interfere with the diffusion of nutrients through the mucosal surface, limiting digestion and absorption of nutrients (Forman and Schneeman, 1980) . The TTAR of EE increased with fiber inclusion and the effects were more evident with CEL and OH than with SBP inclusion. The reasons for the difference observed among fiber sources on EE digestibility are unclear but might be related to their distinct effects on micelle formation and lipid absorption. The fiber fraction of the digesta adsorbs and binds bile salts from aqueous solution in the lumen at a variable extent depending on its physicochemical characteristics (Lafont et al., 1985) . For example, Akiba and Matsumoto (1980) reported that soluble fiber increased bile acid excretion in chicks but that CEL inclusion did not have any effect. These data suggest that the recycling of bile acids and the absorption of fat will be more complete in chicks fed CEL than in chicks fed more soluble fiber sources. In this respect, Kritchevsky and Story (1974) reported that natural fiber sources such as wheat straw or SBP were more effective in binding bile salts than CEL. Moreover, Gallaher and Schneeman (1985) suggested that CEL interferes with lipase activity and that CEL inclusion might delay triglyceride hydrolysis along the small intestine, resulting in an increase in the amount of lipids absorbed in the ileum. This observation is consistent with the results of the current research showing that CEL had a higher capacity to adsorb lipids than SBP. In the current trial, the capacity to adsorb lipids was higher for OH than for SBP, suggesting that dietary lipids might adhere more to OH than to SBP as they pass through the GIT. Also, OH bind poorly to bile salts (Kritchevsky and Story, 1974) and consequently, OH might affect less the fecal excretion of bile acids than SBP (Mueller et al., 1983) . Therefore, OH inclusion might be less detrimental for the emulsification of fats and the formation of micelles than SBP inclusion. In addition, Hetland et al. (2003) observed an increase in the concentration of bile acids in the gizzard when OH or wood shavings were included in diets for broilers and laying hens. These authors suggested that the inclusion of hard fiber structures in the diet might improve fat retention and other nutrients because of an increase in the gastrointestinal refluxes with a concomitant improvement in the solubilization of certain nutrients.
In general, nutrient retention was higher with finely ground than with coarsely ground fiber, an observation that is consistent with the longer retention of the digesta in the GIT of birds fed fine particles . A longer retention time of the digesta might result in an improvement in nutrient digestibility, as has been reported previously by Sell (1980, 1981) .
In conclusion, the inclusion of OH in particular and to some extent SBP improves growth performance and nutrient utilization in chicks fed low-fiber diets. The inclusion of CEL is not very effective in improving performance and nutrient utilization at the exception of fat retention. A decrease in particle size of the OH and SBP improves nutrient utilization without affecting growth performance. The results suggest that broilers require a minimal amount of fiber in the diet to maintain gizzard activity and GIT functionality and that the physical structure and chemical characteristics of the fibrous particles might limit the effectiveness of some fiber sources to meet this need.
